There is a strong, profit-based business case for investing in more energy-efficient products and designs. Energy efficiency, however, often is viewed as something that businesses and individuals "should" do as good citizens. The reality is that using energy inefficiently is like walking past money on the ground -money that could be put to far better use than paying electricity bills. Investing in energy efficiency therefore creates economic value. As the study title suggests, the high efficiency or Business Case scenario is constructed around a model of cost-effective efficiency improvement. Our analysis demonstrates that a significant reduction in energy consumption and emissions is achievable at net negative cost, that is, as a profitable investment for consumers.
EXECUTIVE SUMMARY
There is a strong, profit-based business case for investing in more energy-efficient products and designs. Energy efficiency, however, often is viewed as something that businesses and individuals "should" do as good citizens. The reality is that using energy inefficiently is like walking past money on the ground -money that could be put to far better use than paying electricity bills. Investing in energy efficiency therefore creates economic value. As the study title suggests, the high efficiency or Business Case scenario is constructed around a model of cost-effective efficiency improvement. Our analysis demonstrates that a significant reduction in energy consumption and emissions is achievable at net negative cost, that is, as a profitable investment for consumers.
Final Energy Savings:
 230 billion kWh of electricity and 0.14 EJ of natural gas per year in 2020  430 billion kWh of electricity and 0.35 EJ of natural gas per year in 2030  A total of 4900 billion kWh of electricity and 3.1 EJ natural gas cumulatively through 2030
Primary Energy Savings The study finds that by 2030, cost-effective efficiency improvements could save 430 billion TWh, which represents about 12% of total buildings electricity consumption in that year, according to the International Energy Agency's World Energy Outlook 1 . This corresponds to 9.3% of electricity consumption in the U.S, or 3.7% of total energy consumption, in primary energy terms. The Business Case saves 265 mt CO 2 in 2030. According to WEO, with current policies in place, emissions in the United States will total 5310 mt CO 2 or 712 mt more than the Annex I target of 4598 mt (5.2% below the 1990 level of 4850 mt.) Implementation of the Business Case would close 37% of this gap. In addition to the 300 billion dollars net savings provided to consumers through 2030, annual savings of 430 billion kWh would avoid capital investments of 32 billion dollars 2 .
The approach of the study is to assess the impact of short-term actions on long-term impacts. "Short-term" market transformation is assumed to occur by 2015, while "long-term" energy demand reduction impacts are assessed in 2030. The 15-year time frame is significant for many products, in the sense that delay of implementation would result in putting in place energywasting technologies, potentially resulting in expensive investment either in additional energy supplies or in early replacement to achieve future energy or emissions reduction targets. Energy savings, greenhouse gas emissions mitigation and financial impacts for each appliance group studied are summarized in Table ES-1.
Table ES-1 -Energy Savings and Pollutant Mitigation by Appliance Group
The analysis shows that cost-effective efficiency improvement could yield very significant financial benefits to U.S. consumers. Table ES -1 shows that cost-effective efficiency improvements require an investment of 259 billion dollars over the next 20 years, but these investments will return over twice as much over the same period, for a net savings of 304 billion dollars, or of order of one thousand dollars per capita. Since the study includes only appliance groups for which cost-effectiveness can be clearly demonstrated, the benefits determined represent only a subset of the economy-wide potential. In addition, the technologies analyzed represent a snapshot of what is currently on the market. Technological innovations are certain to occur over the coming decades, and these will likely present new opportunities for efficiency improvement, and exert downward pressure on costs.
2 Levelized capital cost of $74.6/MWh for "Advanced Coal" plants according to Energy Information Administration, Annual Energy Outlook 2011. 
Introduction
This study seeks to provide policymakers and other stakeholders with actionable information towards a road map for reducing energy consumption in the most cost-effective way. A major difference between the current study and some others is that we focus on individual equipment types that might be the subject of policies -such as labels, energy performance standards, and incentives -to affect market transformation in the short term, and on high-efficiency technology options that are available today.
The approach of the study is to assess the impact of short-term actions on long-term impacts. "Short term" market transformation is assumed to occur by 2015, while "long-term" energy demand reduction impacts are assessed in 2030. In the intervening years, most but not all of the equipment studied will turn over completely. The 15-year time frame is significant for many products however, indicating that delay of implementation postpones impacts such as net economic savings and mitigation of emissions of carbon dioxide. Such delays would result in putting in place energy-wasting technologies, postponing improvement until the end of their service life, or potentially resulting in expensive investment either in additional energy supplies or in early replacement to achieve future energy or emissions reduction targets.
Description of Efficiency Measures to Date
The United States energy demand picture is characterized by relatively high usage coupled with highly developed technology. The commercial/service sector is very well-developed, and energy use in commercial buildings is correspondingly high, with total greenhouse gas emissions from this sector expected to overtake those of the residential sector within the next 20 years. Because of cold winters and warm summers in large regions, both space heating and space cooling are major end uses, and natural gas used in space and water heating constitutes a significant source of carbon dioxide emissions.
Ownership of major appliances (refrigerators, water heaters, televisions, washing machines and air conditioners) is nearly universal in U.S. households and while the capacity of some appliances continues to grow, energy consumption for the traditional major end uses is growing slowly. Most future growth in residential energy consumption is therefore expected to be due to consumer electronics, small appliances, standby power and other "plug loads".
Furthermore, the United States has a long history of appliance efficiency standards. Therefore, efficiency improvement from U.S. appliances is characterized as successive stepwise improvement from an already efficient baseline. While there remain opportunities for significant savings, some further major improvements may depend on innovative technologies which have not been commercialized and for which market prices are not yet known.
Policies and Programs to Encourage Efficiency
Regulatory measures such as the implementation of a minimum energy performance standard (MEPS) for new equipment coming on the market were first introduced in the U.S. after the first oil crisis of 1974. In addition, instruments such as labels, awards, and public information campaigns are used to increase consumers' knowledge and awareness of energy efficiency. Finally, financial incentives address the market barrier of high upfront costs of energy-efficient products.
In (ASAP, 2011) . Today DOE is conducting more rulemakings than at any time in its history. Appendix 1 shows a list of equipment for which standards have been implemented at the federal level or state level. The list shows the date by which new standards were first implemented, the date they were issued by DOE or Congress, the date they became or will become effective and the date for scheduled updates. This information is collected by Appliance Standards Awareness Project (ASAP, 2011).
In parallel to MEPS, the U.S. Environmental Protection Agency (EPA) established an energy consumption labeling scheme starting in 1991 to promote energy-efficient product purchases and reduce greenhouse gas emissions. Computers and monitors were the first labeled products. Through 1995, EPA expanded the label to additional office and residential equipment. In 1996, the EPA partnered with the U.S. Department of Energy to expand significantly the range of equipment covered with the Energy Star label. Today, more than 40,000 individual product models, produced by nearly 3,000 manufacturers across more than 60 product categories.have earned the ENERGY STAR label. The ENERGY STAR program is estimated to have saved 204 billion kWh in 2009, about 5 percent of U.S. electricity demand (EPA, 2010) . This amounts to nearly $17 billion from customer utility bills.
Other forms of energy efficiency programs include financial incentive measures that are implemented by utilities or independent state agencies. In the U.S., the power sector is decentralized and regulation is done at the state level. About half of the states have passed legislation to apply a small levy or public benefit charge as a fraction of a cent per kWh on electricity sales to finance a common public fund that is then used to support energy efficiency programs. The revenue from this charge is redistributed to consumers in the form of financial incentive programs.
Public benefits charges range from $0.00003 to $0.003 per kWh with a median value of about $0.0011 per kWh. Utility spending on energy efficiency represents between 0.7% and 3% of total utility retail revenue (Kushler, 2004) . According to the last CEE report on the "State of the Efficiency Program Industry" (Caracino, 2010) , this generates a total annual budget of $5.4 billion in 2010 for rate-funded electric efficiency programs across all States, an increase of 44% compared to 2009. Electric efficiency programs in the residential sector 31% of the budget in 2010. California, New York, Florida, and Massachusetts account for 50% (or $2.7 billion) of the total amount budgeted for electric energy efficiency for 2010. California alone accounts for 1.5 billion (or 28%) of which $436 million is directed to residential sector energy efficiency improvements. Electricity program budgets per capita vary widely across US states, ranging from 54.8 dollars in Vermont to 3 cents in Virginia (Caracino, 2010) . In terms of energy savings, the CEE reports that combined U.S. electricity rate funded projects saved about 92,578 GWh in 2009, of which 26,876 GWh were in the residential sector (29%).
California has a long history in implementing utility demand-side management (DSM) programs and established itself as a leader in promoting energy efficiency in the U.S. Utilities started to implement utility DSM programs in the early 70's in California. A recent study conducted by the California Energy Commission (CEC, 2005) shows annual savings of 40,000 GWh and 12,000 megawatts of peak electricity, equivalent to 24 500-megawatt power plants (CEC, 2005) .
Energy Demand Scenarios
As the study title suggests, the high efficiency or Business Case scenario is constructed around a model of cost-effective efficiency improvement. The point of the study is to demonstrate that a significant reduction in energy consumption and emissions is achievable at a net negative cost, that is, as a profitable investment for society. There are a variety of ways of assessing costs and benefits to society. We chose to focus on the end user's perspective: costs in terms of additional retail equipment prices (capital investments); savings from reduced energy bills (operating costs). Only direct energy savings are included, without valuing non-energy benefits that may also accrue (comfort, productivity, health) . Finally, the cost-benefit analysis is made without the elevated effective energy prices that could be implied by carbon taxes, carbon trading schemes or other policies. Savings relative to the base case as calculated in this way is often referred to as "economic savings potential".
A national-level high-efficiency scenario is constructed by assuming that market transformation to high-efficiency technologies will occur by 2015, which is judged to constitute the "short term" by the study, because it considers that five years is sufficient time to achieve market transformation through aggressive policies and stakeholder actions. The study does not model specific actions, which could include mandatory standards, voluntary labeling programs, voluntary agreements by manufacturers, utility demand-side-management programs and others 4 .
The target efficiency level chosen is that which maximizes efficiency while providing a net benefit to consumers. This is to be contrasted with scenarios which maximize consumer payoff but not necessarily efficiency improvement, or those that include the best available technology ("max tech") without consideration of cost-effectiveness. Consumer cost-benefit analysis is evaluated in terms of cost of conserved energy. Cost of conserved energy (CCE) is the amortized incremental cost of equipment divided by annual energy savings. In other words, it's the additional annual capital investment needed to purchase high-efficiency equipment instead of baseline equipment, divided by the energy savings provided by the investment. This quantity, which has units of dollar per unit energy, can be compared to prevailing energy prices to assess consumer cost-effectiveness. Technologies with a CCE less than forecast energy prices in 2015 are deemed cost-effective.
A few comments about whether this definition is optimistic or pessimistic are warranted. On one hand, high efficiency technologies are compared to the current baseline technology, even though there may already be a market for higher efficiency equipment, and the average efficiency of the market is constantly improving. This tends to underestimate the baseline forecast and overestimate savings. On the other hand, it likely underestimates the efficiency that will be achievable in a cost-effective way, first of all because technology costs are generally decreasing (according to technological learning rates) and the emergence of new technologies that may not be available for analysis. Therefore, there are two compensating effects not taken into account in the analysis. The results should therefore be taken as representative of the scale of potential improvement, not as a reliable prediction. The methodology is chosen to maximize concreteness and defensibility by relying on technologies that can be justified by actual cost data. 
Literature Review

Construction of the Energy Demand Scenarios
Any study that aims to project energy efficiency improvements from specific technologies must make the link between unit-level improvements and national impacts. The current study achieves this using LBNL's Bottom-Up Energy Analysis System (BUENAS), which was developed with support from the Collaborative Labeling and Appliance Standards Program (CLASP) . As the name suggests, BUENAS is a bottom-up technology-oriented model, rather than a top-down macroeconomic model 5 . BUENAS combines unit-level efficiency scenarios with a forecast of stock size and turnover to calculate national energy savings impacts through 2030. Unit level energy demand by baseline and "target" technologies are collected in a database that the model takes as inputs, and which define the base case and high efficiency scenarios. Growth of the stock (number of units operating) by 2030 is a function of economic and population growth.
BUENAS uses minimum efficiency performance standards (MEPS) as a default policy, that is, it models a discrete change in the efficiency of equipment after a specific year. For the current study, we chose an implementation year of 2015, assuming that several years lead time are necessary between identification of efficiency targets, and making them mandatory. For the purposes of the U.S. Business Case for Energy Efficiency, many of the end uses needed for the analysis were present in BUENAS. However, many modifications were made. First, the Business Case model is dependent on an evaluation of cost-effectiveness. Therefore, appliance groups for which data were insufficient to permit this calculation were not included. On the other hand, some equipment types for which data were available were not included in the original model. In that case, these end uses were added. Finally, the efficiency scenario originally constructed for the U.S. in BUENAS was updated in light of recent DOE rulemakings. In some cases, an updated standard meant that further improvement was not cost-effective (or data do not exist), so the end use was dropped. In other cases, the rulemaking resulted in data that were not available at the time the original model was built. In those cases, both the baseline and target level were updated. Several omissions are notable. First, commercial furnaces provide about half of the space heating in the commercial building sector, no data were available for this product. Furnaces were covered in (USDOE 2010c), but not analyzed for cost-effectiveness. Likewise, no data for commercial water heaters were provided, so this product was omitted. Finally, 3-phase industrial induction motors are an important end use that are generally found to provide cost-effective improvement opportunities. The Energy Policy Act of 1992 (EPACT 1992) established nominal efficiency levels for electric motors. Most recently, this standard was updated in the Energy Independence and Security Act of 2007. This new standard, which makes mandatory a voluntary standard ("NEMA Premium"), covers electric motors from 1 to 500 hp, and came into effect in 2010, and currently sets the highest minimum performance standard in the world, comparable to the international level IE3. DOE is currently considering an update to the rulemaking set forth in the Energy Independence and Security Act of 2007. Technical studies supporting this rulemaking were not available at the time of the current study; therefore, motors were not included and it is not yet established if there are any additional substantial energy savings left to be gained. Industrial motor savings from the Energy Independence and Security Act of 2007 (which came into effect in 2010) may be described as saving reducing primary energy consumption by 0.15 EJ and 8.4 million tonnes of CO 2 emissions by 2030
6 .
The BUENAS model uses the Long Range Energy Alternatives Planning (LEAP) platform 7 to forecast energy consumption by end use from 2005 (base year) to 2030. The strategy of the model is to first forecast end use activity, which is driven by increased ownership of household appliances and growth in the industrial sector. The total stock of appliances can be modeled either according to an econometric diffusion model or according to unit sales forecasts, if available. Electricity consumption or intensity of the appliance stock is then calculated according to estimates of the baseline intensity of the prevailing technology in the local market. Finally, the total final energy consumption of the stock is calculated by modeling the flow of products into the stock and the marginal intensity of purchased units, either as additions or as replacements of old units. The high efficiency or "policy" scenario is created by the assumption of increased unit efficiency relative to the baseline starting in a certain year. For example, if the average baseline unit energy consumption (UEC) of new refrigerators is 450 kWh/year, but a MEPS taking effect in 2012 requires a maximum UEC of 350 kWh/year, the stock energy in the policy scenario will gradually become lower than that of the base case scenario due to increasing penetration of high-efficiency units under the standard. By 2030, the entire stock will generally be impacted by the standard 8 . Figure 1 shows the analytical structure of BUENAS.
Figure 1 -Structure of BUENAS
The main outputs of BUENAS are base case energy consumption forecasts to 2030 by end use and energy, energy saving impacts of the modeled policy, and carbon dioxide emissions mitigation impacts. For this study, financial impacts were added to the model in a spreadsheet calculation.
For the residential sector, activity as modeled in Module 1 of the model is given by the stock of equipment, that is, the number of appliances installed and operating in U.S. households in a given year. Three different methods are used to estimate the total stock of a particular residential end use. For each region and end use, the method is chosen which is deemed to produce the most accurate result, and for which sufficient data are available. In order of priority, the methods are:
Method 1 -Stock based on historical and projected flows of products (unit sales).
Method 2 -Stock from historical and projected ownership rates -sales derived from stock increases and replacement rates.
Method 3 -Stock from econometric modeling driven by macroeconomic trends -sales derived from stock increases and replacement rates.
Sales forecasts are available as part of the U.S. rulemaking analysis for residential products. Therefore, the model was updated in most cases to model stock according to the first method listed above, which represents an improvement over the other methods in most cases.
Once the number of residential products in each appliance group in each year is established, this number is multiplied by the annual unit energy consumption (UEC) to yield energy demand for the appliance group. UEC is the subject of Module 2 of BUENAS, and determines the efficiency scenario modeled. Determination of the baseline and efficiency scenario UEC is discussed in Section 4 below.
Finally, Module 3 tracks the introduction of each year's cohort of appliances into the stock, taking account of growth in the market, equipment retirements, and replacements. Retirement and survival functions are derived from average lifetimes and assumed to have a distribution around the mean value. This shape of the retirement function is assumed to be that of a normal distribution centered around the mean lifetime by default, but takes the form of a more complicated function (Weibull distribution) if such a distribution is available. The survival function is given by:
Using the retirement distribution, the model calculates the weighted average efficiency of the stock in each year. In the case of the high efficiency scenario, only a small fraction of the stock operates at high efficiency in the years immediately following the policy start date, but this fraction grows over time. The percentage of stock operating in 2030 that was installed after the policy start date is dependent on the assumed average lifetime of the product class.
Compared to the residential sector, energy demand in the commercial building sector is driven by a much wider variety of equipment types and follows distinct usage patterns depending on the type of building. For this reason, BUENAS models commercial buildings in an aggregate fashion, rather than at the level of individual appliances. The activity variable in this case is commercial building floor space. Commercial floor space projections for the United States are taken from DOE's Annual Energy Outlook 2010 (EIA 2010), which takes the place of Module 1 for the commercial sector. In Module 2, the commercial sector model uses aggregate energy intensity numbers for major appliance categories, such as lighting, space heating and air conditioning and refrigeration. Commercial clothes washers and distribution transformers were added to the model as individual appliances according to shipments forecasts. In order to model energy demand and savings from efficiency improvement, we estimate the fraction of energy covered by individual technologies for which data are available. Energy and demand are thereby calculated from base year values of energy intensity according to a scaling factor.
Efficiency Improvement Potential -Cost-Benefit Analysis
The primary sources for appliance group details in the United States are publicly available technical studies performed by the U.S. Department of Energy supporting its residential and commercial appliance standards program. These studies generally include forecasts of equipment stock and sales, baseline efficiency consumption, and use patterns. In addition, they provide an assessment of the price to consumers of equipment incorporating energy efficiency improvement measures and the resulting performance. These "cost efficiency curves" are the basis for determination of cost-effective efficiency targets incorporated in this study. Secondary sources are used for products not covered by DOE standards.
Because cost-efficiency data for the United States are generally taken from published results of appliance standards rulemakings either completed or in process, some interpretation of market baselines is needed. In the case where data are available but rulemakings are not finalized (preliminary analysis) we assume the same baseline as the DOE analysis (usually the previous standard). In cases where the available data corresponds to an already implemented standard, we adjust the baseline to the new standard.
Cost-effectiveness is defined in terms of cost of conserved energy, that is, how much the end user must pay in terms of annualized incremental equipment investment for each unit of energy saved by higher efficiency equipment. The formula for cost of conserved energy is
Eq. 1
In this equation, I is the total additional investment needed to purchase high efficiency equipment rather than the baseline technology, and S is the resulting annual energy savings. The capital recovery factor q is given in turn by:
In this equation, d is the end user discount rate and L is the average lifetime of the equipment, in years. Defined in this way, I times q is an annual payment for an amortized capital investment. Cost of conserved energy is a convenient metric for comparison of cost-effectiveness of measures 9 .
Construction of Cost vs. Efficiency Curves
Over the past decade, technical parameters permitting efficiency cost-benefit analysis of a significant number of appliances 10 have become available as a result of analyses performed in support of the U.S. Department of Energy's Appliance Standards Program 11 . In fact, the appliances for which data are available now account for the majority of energy consumed in the U.S. residential sector. The data provided to support DOE rulemakings forms the basis of our cost-benefit calculation for many of the products analyzed. Obviously, using data supporting regulations in process brings up the question of additionality of savings capture, since much of the savings we will forecast is already the subject of DOEs program. Indeed, it is not our intention to suggest that the savings we present is being "left on the table", but only to say that the opportunities for cost-effective improvement are significant, and some of these opportunities will certainly be captured through aggressive policies like the DOE program. To be as precise as possible about what is considered still "on the table" and what is already part of the baseline, we followed the following guidelines:
 Rulemakings for which a final rule has not been issued were not considered part of the Base Case. The baseline efficiency level used is the current baseline, as estimated by DOE.
 Rulemakings for which a final rule has been issued and for which standards come into effect before 2015 are considered as part of the Base Case. In this case, we adjusted the baseline to correspond to the new standard. Efficiency improvements in the Business Case are possible, if found to be cost-effective relative to the adjusted baseline.
 Rulemakings for which a final rule has been issued but comes into effect in 2015 or beyond are included in the Business Case. Because the Business Case considers energy efficiency policy taking effect in 2015, we include DOE standards set for that year or beyond as part of the Business Case, but adjust the target level according to the costeffectiveness criterion. There is one appliance group that falls into this category (residential water heaters).
As a requirement of the DOE rulemaking process (NECPA, Pub.L. 95-619, 92 Stat. 3206, 42 U.S.C.), DOE must consider impacts on U.S. consumers and manufacturers. DOE typically analyzes costs and benefits likely to be result from any proposed efficiency rulemaking for appliances. The root of this assessment is an engineering analysis of possible efficiency improvements and their costs, and a national impact analysis which calculates the impacts of replacing commonly used equipment components with more efficient ones. The output of this analysis is a set of efficiency levels (called "design options" in the TSD), each of which is associated with reduction of energy consumption and increase in manufacturing cost. The relationship between design option costs and resulting energy consumption (or efficiency) is often referred to as a cost-efficiency curve. The cost-efficiency curve forms the basis of consumer cost-benefit analysis of efficiency improvement regulations. The parameters sourced from DOE Technical Support Documents (TSDs) needed to establish cost-efficiency curves are:
 Baseline Unit Energy Consumption -The annual electricity or gas energy consumption used by "standard efficiency" products. Energy consumption is generally estimated assuming typical use patterns. The standard efficiency product may represent the minimum efficiency required by the standard in force, or may be somewhat higher according to the market at the time of the analysis.
 Design Option Unit Energy Consumption -Annual electricity or gas consumption for each efficiency improvement technology, assuming no change in use patterns.
 Baseline Equipment Price -Estimated retail price of "standard efficiency" products. Baseline Equipment Prices are generally calibrated to actual prevailing retail prices. Equipment Prices may include the cost of installation, but do not include maintenance and repair costs 12 . Equipment prices given in DOE reports were inflation-adjusted using GDP deflators provided by (BEA, 2010) .
 Design Option Equipment Price -Projected price of equipment for each efficiency improvement technology. Design option equipment prices are generally calculated by adding estimated production costs, and then applying estimates of manufacturer and retail markups.
DOE categorizes covered products into separate product classes and formulates a separate energy conservation standard for each product class. The criteria for separation into different classes are type of energy used, capacity, and other performance-related features. Each product class has features that determine the above parameters in a distinct way. Therefore, cost-efficiency curves are determined at the product class level, and a cost-benefit calculation is performed on each individually. Efficiency and cost parameters are then calculated at the appliance class level by weighting according to market shares. For simplicity, we consider only those product classes that account for two percent of the market or more as estimated in the TSD. This selection generally covers the large majority of the market and we extend the results of these to the entire appliance group.
In order to demonstrate the construction of the cost-efficiency curve, we present the example of one product class. We chose refrigerator freezers with top mounted freezer compartments and auto-defrost features as a demonstrative example. This product class is the most common refrigerator on the U.S. market, representing 54.3% of refrigerator sales. Price and energy consumption are based on 18 ft 3 total volume. Baseline technology parameters, efficiency design options and resulting efficiency improvement are given in Table 1 . (2010a) Starting from the baseline configuration, alternate designs are constructed by replacing or adding components in turn, in order of cost-effectiveness. Each of these options is represented by a point in Figure 2 . The resulting cost-efficiency curve has a typical shape with increasing costs per unit efficiency improvement.
here for simplicity and consistency. The cost-benefit evaluation is a calculation that determines whether increases in first cost are justified by a return on investment in the form of reduced utility bills and accounting for discounting of delayed costs or savings. Using the cost of conserved energy metric, a costeffective efficiency improvement costs less per unit energy saved than the energy tariff, with the initial investment amortized over the life of the appliance. Appliance groups and product classes are described in Section 3.2. The data used in this analysis are detailed in the tables in Appendix 2. Sources for these tables are summarized in the tables in Appendix 3. The following parameters are collected or calculated for each product class:
Equipment Data
Incandescent Lamps
Incandescent lamps constitute the bulk of residential lighting energy. According to the Building Energy Data Book (BEDB 2010) 13 , lighting accounts for 14.2% of residential electricity or 10% of residential building energy, in primary energy terms. Replacement of incandescent lamps with compact fluorescent lamps (CFLs) or other technology such as LEDs is generally at the top of the list of attractive efficiency measures because of the large fractional savings (up to 60%) and the high degree of cost-effectiveness. Bans on incandescent lamps are also among the most popular efficiency policies globally. The United States has a planned phase-out of incandescent bulbs in 2012 as specified in the Energy Independence and Security Act of 2007. Although this regulation is currently "on the books", we chose to include its effects as part of the Business Case scenario, rather than in the Base Case. In this case, the high-efficiency scenario is characterized by successful implementation and enforcement of the policy, rather than the establishment of it. Cost-effectiveness of incandescent lamp replacement is not highly controversial. For simplicity, we assume a retail cost of $5.00 for a 15 W CFL that lasts for 5 years versus $2.50 for five incandescent lamps, which we assume to last only a year each. Even with these conservative assumptions, incandescent lamp replacement is among the most costeffective measures available.
Refrigerators
Taken together, refrigerators and freezers account for 8.9% of residential electricity or 6.3% of primary residential energy consumption in the United States (BEDB 2010), making them the highest consumption end use aside from lighting, water heating and HVAC (EIA 2010 Table 4 ). Efficiency improvement design options for refrigerators include added and/or improved insulation, increased compressor efficiency and increased evaporator and condenser area (see Table 1 ). As part of its upcoming final rule for updated refrigerator standard (USDOE 2010a) to take effect in 2014, DOE has released data showing equipment costs and energy consumption for the 7 product classes covered by the rulemaking. We analyzed the three product classes with more than 2% of the market. These three refrigerator-freezer classes; top mounted freezer, bottom-mounted freezer and side-by side, represent about 97% of the current market. Cost and energy consumption parameters for refrigerator products are given in Table A .2.1.
Room Air Conditioners
Space cooling accounts for 22.4% of residential electricity or 15.8% of U.S. residential energy use in primary terms (BEDB 2010) . While the dominant technology for residential space cooling in the United States is central air conditioning, room air conditioners still play an important role, and as they have recently experienced a dramatic drop in price, the market for them has grown in residences that previously had no air conditioning, and in some small commercial buildings. Window units are still dominant in the United States, unlike much of the world, where the trend is toward split system RACs. Room air conditioner efficiency can be improved through a variety of design improvements (see USDOE 2010b). The analysis takes advantage of preliminary analysis supporting a rulemaking to be published in early 2011 14 with an implementation date of 2014. We consider four separate product classes, defined by cooling capacity and the presence of louvers. Cost and energy consumption parameters for refrigerator products are given in Table A .2.2.
Water Heaters
Electric and fuel-burning water heaters account for 8.9% of residential electricity and 27.4% of residential natural gas, or 13.2% of residential primary energy consumption (BEDB 2010). DOE passed new standards for residential water heaters in 2010. These standards will come into effect in 2015. Therefore, we consider the current baseline in construction of the Base Case, and construct the Business Case according to the cost-benefit criterion. The resulting target levels may or may not correspond to the standard set by DOE. Electric storage tank water heaters enjoy a sizeable market share in the United States. They have been subject to several standards updates by DOE and their efficiency is close to 100%. Since there is no virtually no waste heat from the electric heating element, remaining heating efficiency of conventional units is limited to reducing standby losses through improved insulation around the tank. However, over the past decade water heaters using heat pump technology have been introduced into the U.S. market 15 . These units can produce hot water with less than half of the energy required by traditional water heaters, and represent the next major leap in efficiency. Like electric water heaters, gas storage tank water heater efficiency can be improved by reducing standby losses through added tank insulation. In addition, efficiency can be improved by increasing heat transfer efficiency, usually by increasing the size of heat exchangers. Very high efficiency gas water heaters use condensing technology in which the flue gases are cooled to a degree to where they form a condensate. Cost and energy consumption parameters for water heaters are given in Table A .2.3.
Televisions
Televisions are estimated by the BUENAS model to consume 67 TWh of electricity which corresponds to 4.6% of residential electricity or 3.2% of total residential primary energy as estimated by BEDB 2010 16 . Televisions are a dynamic and rapidly evolving technology. Recent market trends include a massive shift to flat panel technology, with dramatic increases in screen size, along with market-driven efficiency improvements. Because of the dynamism in television technology, efficiency baselines and technology trends are difficult to forecast and historical cost data are not relevant. Recent history has shown, however, that efficiency targets such as Energy Star have been easily met, often capturing most of the market by the date they are implemented with virtually no increase in price. For this reason, we judged it a reasonable assumption that Energy Star 4.0 announced in 2010 will be the baseline by 2015, and that Energy Star 5.0 will be attainable through cost-effective technology 17 . We assume a cost of conserved energy of two cents per kWh for improvement from Energy Star 4.0 to 5.0 for televisions.
Standby Power
Standby power is estimated by the BUENAS model to consume 34 TWh of electricity which corresponds to 2.3% of residential electricity or 1.6% of total residential primary energy as estimated by BEDB 2010 18 . Standby power consumption is a feature of a wide range of products, including major appliances, consumer electronics and home entertainment equipment. This mode of power consumption is increasingly shown to be a major source of energy demand, and has become a prominent candidate for efficiency improvement (IEA, 2001) . Reduction of standby power is typically very inexpensive to achieve through redesign of electronic components. DOE has decided not to consider standby power in a single rulemaking for all products, but will include the reduction of standby power as part of individual rulemakings 15 Heat pump water heaters are already common in some other countries, notably Japan, China and Australia. 16 217 TWh of primary energy, using a site to source factor of 3.23 in 2010, compared to 14.4 quads total primary energy. 17 The California Energy Commission recently found that television technology could be improved to meet its new minimum efficiency requirement at no additional cost (CEC 2009). 18 111 TWh of primary energy, using a site to source factor of 3.23 in 2010, compared to 14.4 quads total primary energy.
governing active mode use for each product type. For simplicity, we include standby power as an aggregate category, and assume an 80% reduction in standby power per product, from 5W to 1 W, at a cost of two cents per kWh.
Electric cooking appliances (Electric)
Electric cooking appliances account for 2.2% of residential electricity or 1.5% of residential primary energy consumption (BEDB 2010). Five electric cooking appliances were considered in DOE's recent rulemaking announced in 2009 (USDOE 2009). These are: coil cooktops, smooth cooktops, standard ovens, self-cleaning ovens and microwave ovens. Cost and energy consumption parameters for cooking appliances are given in Table A .2.4.
Central Air Conditioners and Heat Pumps
Space cooling accounts for 22.4% of residential electricity or 15.8% of U.S. residential energy use, in primary terms (BEDB 2010).Mechanical cooling is also the major contributor to peak electricity demand in the U.S.. Ducted central air conditioners, which are by far the most common means of cooling, were first regulated by NAECA in 1987. A major update of standards came into effect in 2006, with the next expected to come into effect in 2015. Space heating through electric heat pumps is also common in some regions of the United States. Due to the similarity of CAC and HP technologies, they are regulated together as product classes of the same appliance group. Cost and energy consumption parameters for central air conditioner and heat pump product classes are given in Table A .2.5
Gas Furnaces
Natural gas space heating contributes 67.1% of residential natural gas or 21.1% to residential primary energy demand (BEDB 2010). Natural gas warm-air furnaces are the most common form of space heating in U.S. homes. The main efficiency improvement options for furnaces are related to improvement of heat transfer, to minimize the amount of waste heat escaping through the flue. Like water heaters, high-efficiency gas furnaces use condensing technology. Residential furnace and boiler standards were updated in 2007 and are set to come into effect in 2015. We do not consider further improvement for boilers because furnaces are much more common. For furnaces, however, recent standards were set at the current market baseline. We therefore do consider cost-effective improvement options from this baseline. Cost and energy consumption parameters for gas furnace product classes are given in Table A .2.6.
Commercial Air Conditioners and Heat Pumps
Together with space heating and lighting, air conditioning is one of the most important commercial building end uses. Space cooling accounts for 12.6% of commercial sector electricity or 10.1% of total commercial building primary energy (BEDB 2010). New standards for commercial central air conditioning and heat pumps came into effect in 2010. We analyzed the potential for further cost-effective improvement from this new baseline. Cost and energy consumption parameters for commercial air conditioners and heat pumps are given in Table  A .2.7.
Commercial Linear Fluorescent Ballasts
Lighting accounts for 22.2% of commercial sector electricity or 17.4% of total commercial building primary energy (BEDB 2010 
Commercial High Intensity Discharge Lamps
Lighting accounts for 22.2% of commercial sector electricity or 17.4% of total commercial building primary energy (BEDB 2010). HID lamps produce light by creating an electrical arc between electrodes in a tube that is filled with gas and metal salts. HID lamps are used in applications which include street lighting, security lighting, and lower wattage applications. To date, HID have never been regulated at the federal level. Recently, however, a DOE determination found significant saving potential for this class of lighting. Therefore, even though this lighting type accounts for only about 10% of commercial sector lighting, the potential for savings, in percentage terms, could be significant. Cost and energy consumption parameters for high intensity discharge lamps are given in Table A .2.9.
Distribution Transformers
Distribution Transformers are designed to reduce the voltage of the electricity coming from the electric grid, to a lower voltage which is applicable for appliances and other electricityconsuming systems. Losses in transformers account for an inefficiency in national electricity usage on the order of a percent. Distribution transformers efficiency is currently regulated by standards that came into effect in 2007 and 2010. New standards are due in 2012. We analyzed distribution transformers for cost-effective improvement using the data from the previous rulemaking and adjusted the baseline to account for the recent standards. Cost and energy consumption parameters for distribution transformers are given in Table A .2.10.
Commercial Boilers
Space heating accounts for 3.8% of commercial sector electricity and 51.9% of commercial sector natural gas, or 13.4% of total commercial building primary energy (BEDB 2010 
Cost of Conserved Energy Calculation
As mentioned in the previous section, annual unit energy consumption (UEC) and equipment price (Price) are shown for all product classes considered in the analysis in Appendix 2, unless otherwise specified 19 . These parameters are used in the calculation of cost of conserved energy according to Equation 1 by comparing each design option to the baseline, according to:
I = Price DesignOption -Price Baseline and
S=UEC Baseline -UEC DesignOption
The parameters used in calculation of q in Equation 2 are as follows:
Product Lifetime (L) -Average number of years that a product is used before failure and retirement. Lifetimes vary by product class and are estimated from manufacturer reports, or from survey data.
Discount Rate -Discount rates vary somewhat from product to product in DOE's analysis. For simplicity, we assume a consumer discount rate of 5% for residential products and 6% for commercial products, values that are similar to DOE estimates, which range from 4.0% to 6.2% for residential products and from 4.2% to 7.0% for commercial products. The consumer discount rate we use is a "real" discount rate, and represents the actual rate of interest on the financing of the equipment, the mortgage rate if new appliances are included in the home purchase.
Using these parameters, we calculate cost of conserved energy for each design option for each product class. The results of this calculation, shown in the Appendix 2 tables, are the basis of construction of the efficiency scenario.
As stated above, the target efficiency level chosen is that which maximizes efficiency while providing a net benefit to consumers. Following this definition, we identify the target UEC for each product class as the lowest UEC for which cost of conserved energy is below the utility price. In order to model efficiency improvements beginning in the year 2015, we use average national residential and commercial prices 20 provided by DOE's Annual Energy Outlook 2010
19 Additional products were evaluated for cost-effectiveness with the result that no cost-effective improvements were possible beyond the current standard. These were removed from further consideration, and are not included in the Appendix. 20 DOE appliance standards analyses typically use marginal prices, which represent the price of the last unit of energy paid, which can differ from average prices due to the structure of the tariff schedule. Strictly speaking, marginal prices are more appropriate than average prices when characterizing efficiency improvements. In addition, regional prices are also sometimes used for appliances with a large degree of regional variation in terms of product (EIA 2010) . The average residential electricity price is $0.11 per kilowatt-hour ($/kWh) and the average residential natural gas price is $13.17 per million British thermal units ($/MMBtu). The corresponding energy prices in the commercial sector are $0.10/kWh and $11.40/MMBtu, respectively.
To illustrate the construction of the efficiency scenario, we return to the refrigerator example. The top portion of Table 2 shows UEC, Price and CCE for each design option of the three major product classes. The lower portion of the table shows the target annual incremental cost and UEC for each class. For example, design options 1 through 4 can be implemented at a cost of $0.09/kWh or less, which is less than the electricity price of $0.10/kWh, while the cost of implementing design options 5 and 6 exceed the price of electricity. Therefore we determine design option 4 to be the maximum cost-effective technology. This design option costs $125 more to implement than the baseline, which gives an annual incremental cost of $11 when multiplied by q. The UEC for this design option is 379 kWh/yr, so the savings is 122 kWh with respect to the baseline.
Table 2 -Cost of Conserved Energy Calculation for Refrigerators
Following this pattern with the other product classes, we find a weighted average energy savings of 161 kWh per year and weighted average incremental cost of $14 per year, for a weighted average CCE of 14/161 or $0.09/kWh which is less than the utility price by construction 21 . Appendix 2 shows the calculation of CCE for each product class, and calculates weighted average target UEC and CCE for each appliance group. The cost of conserved energy for all appliance groups is compared to utility prices in Figure 3 .
class share and energy consumption. For simplicity, neither of these refinements are considered here. 21 It would be possible in principle to increase the efficiency savings potential by requiring only that the weighted average CCE be lower than the utility price. We chose the more stringent requirement that each product class be individually less than the utility price, since regulations generally apply at the product class level. 
Figure 3 -Cost of Conserved Energy and Energy Prices
The main inputs to the construction of the two scenarios, the Base Case and the Business Case scenario are the baseline UEC and the UEC established by CCE in Figure 3 . We call this the Business Case UEC. Baseline UEC, Business Case UEC, Percent Decrease and Cost of Conserved Energy are presented in Table 3 . Table 3 shows that energy efficiency improvements can be made to a wide variety of equipment that will provide not only energy savings, but financial benefits to consumers. It also demonstrates the importance of performing this type of analysis at the appliance group level, since the cost-effective potential varies widely between appliance groups.
We emphasize that the results may not match exactly with findings of the recent DOE rulemakings. There are several possible reasons for that:
1. The analysis presented here is highly simplified compared to the DOE analysis, which takes into account distributions of household characteristics, regional differences, marginal energy prices, etc. 2. The DOE analysis bases its evaluation of cost-effectiveness not only at the individual level (Life-Cycle Cost Analysis) but also from national financial impacts (Net Present Value). 3. The DOE analysis takes into consideration other factors, such as feasibility in ramping-up production of high efficiency technology to a mass scale.
Efficiency improvements found to be cost-effective for each appliance group are as follows:
Incandescent Lamps -Not surprisingly, switching from incandescent lamps to CFLs is found to be highly cost-effective. Switching to LEDs was not considered due to lack of data demonstrating significant cost reductions for LED technology.
Refrigerators -Despite dramatic improvements to this appliance in the past, the analysis finds that there are still affordable improvements to be made, notably through the use of vacuum insulated panels.
Room Air Conditioners -Design improvements to this appliance are also still available, but savings is not dramatic in the U.S. context.
Water Heaters -The analysis finds heat pump technology to be cost-effective, producing a large percentage savings for this high-intensity end use 22 . The analysis finds condensing technology for water heaters to be cost-effective.
Televisions -A 30% improvement is assumed based on Energy Star requirements, and assumed to be cost-effective.
Standby Power -A reduction in standby power from 5W to 1W per product is assumed to be cost-effective.
Electric Cooking Equipment -Savings from design options in this appliance group were found to be small, and often not cost-effective, so the weighted average improvement is very small.
Central Air Conditioning and Heat
Pumps -Like refrigerators, cooling is one of the most highly-regulated residential products. Additional cost-effective savings potential is likely the result of decreases in the cost of high-efficiency compressor technology in the last decade.
Residential Furnaces -A rulemaking in 2007 covered both residential furnaces and boilers, but an update is currently in progress for furnaces only. Our analysis finds that a shift to condensing gas furnaces would be cost-effective to consumers on an average basis.
Commercial Linear Fluorescent Ballasts -Due to the high intensity of this technology in commercial buildings, additional cost-effective savings potential are available. Improvement of this technology was found not to be cost-effective in the residential sector.
High Intensity Discharge Lamps -High intensity discharge lamps have not yet been regulated by the DOE standards program, but a recent DOE determination found significant energy savings potential for this product, which triggers a future rulemaking proceeding. Our analysis also finds significant cost-effective efficiency improvement potential across all product classes considered in this category.
Distribution Transformers -Revised standards for distribution transformers came into effect in 2010. Our readjustment of the baseline to the new standard results in the finding that additional cost-effective savings is possible, given our assumptions.
Commercial Boilers -DOE issued a rulemaking in 2009 covering commercial boilers along with other equipment covered by the ASHRAE 90.1 2007 voluntary standard. DOE subsequently decided to set standards for boilers at the ASHRAE level, to come into effect in 2012. Although these standard levels are included in our Base Case, we find significant (7%) additional costeffective improvement.
Commercial Air Conditioners and Heat Pumps -The most recent standards for these product classes came into effect in 2010. Using the data supporting the previous rulemaking, we readjusted the baseline to correspond to the current standard. Using this method, we find that additional cost-effective potential is possible but, not surprisingly, the magnitude is small compared to savings from the pre-standard baseline.
National Level Energy Savings Opportunities
Because of the modular structure of the BUENAS model (see Figure 1) , once the inputs are established it is a relatively straightforward process to construct the two energy demand scenarios and compare them to calculate savings potential. The full details of the calculation of energy demand are provided in (McNeil 2008) and are omitted here. Instead, we present a summary of inputs modified and added to the model for the present study.
Activity was largely modeled through Method 1 described in Section 2.2. Sales forecasts for most products were taken directly from the TSD documents or accompanying analysis tools downloaded from the DOE website without modification. These forecasts are generally highly detailed and complex, and are based on relevant drivers, including housing construction, normal replacements, early replacements and fuel switching. The exceptions to this method of activity forecasting are as follows: Commercial Lighting -Commercial lighting intensity in the United States in terms of kWh/m 2 is modeled in (McNeil 2008) . In order to calculate energy demand and savings in the Business Case, we consider the percentage savings found to be cost-effective for linear fluorescent ballasts and high-intensity discharge lamps shown in Table 3 and consider their estimated contribution to commercial building lighting energy according to DOE's Commercial Building Energy Consumption Survey (EIA 2003) to derive a weighted average percentage improvement, which is applied to the Business Case lighting intensity.
Commercial Heating and Air Conditioning Equipment -Commercial air-source air conditioners and heat pump savings was applied to overall cooling intensity according to market shares in a similar way to commercial lighting. Commercial boiler savings was also applied to heating in this way. Since only about 40% of heating is accomplished with boilers, overall heating savings is relatively small.
Energy Savings and Emissions Reductions
Site energy savings is the basis for all national impacts calculations. Site energy demand refers to electricity and natural gas consumed in a home or business, and does not include fuel inputs in generation of electricity, or losses in transmission or distribution. Site energy is the energy affected most immediately by efficiency improvement. It is also the energy consumption that appears on consumer utility bills, and forms the basis for the cost-benefit analysis detailed above.
Site energy consumption is calculated by BUENAS for both the Base Case and Business Case scenarios. Energy activity is the same in both cases 23 , so the difference between them is driven by the trend in marginal intensity, that is, the UEC of products sold in each year. The UEC for the two scenarios are identical until the policy implementation date of 2015 24 . After that date, the efficiency target in the Business Case is the high efficiency level determined by cost-benefit analysis, while it remains at the baseline efficiency level in the Base Case. The difference in UEC in the two scenarios applies only to new products -in this way, the policy modeled has the structure of a minimum efficiency performance standard, and does not imply retrofits of existing equipment. By 2016 overall energy demand of stock in the Business Case is only slightly lower than the Base Case, because only one year's sales are affected by the policy. Moving through the forecast, LEAP tracks the gradual flow of high efficiency products into the stock and the retirement of less efficient ones, so that the average stock UEC gets closer to the target level. Depending on the lifetime of the product, the entire stock may not be converted by 2030, since some low-efficiency products installed before 2015 will survive. Figure 4 shows the evolution of site energy savings by appliance group. From 2012-2015, all of the savings is due to the accelerated phase-out of incandescent lamps in the Business Case. This savings goes to zero by 2020 however, as incandescent lamps are eliminated by this date in both scenarios. From 2015 onward, energy savings is growing for all other products as high efficiency products begin to penetrate the stock in the Business Case.
Figure 4 -Site Energy Savings by Appliance Group-2010-2020
Site energy savings results are summarized in Table 4 . Total savings for all appliance groups totals 523 TWh in the year 2030. Cumulative savings through 2030 total 5754 TWh. 23 It is possible to model, for example, the reduction of sales or fuel switching resulting from price increases associated with efficiency regulations. This effect is not captured in BUENAS. 24 The exception is the phase-out of incandescent lamps, which begins in 2012 in the Business Case. Emissions reductions are calculated directly from energy savings according to a carbon factor. The carbon factor for electricity includes fuel inputs to generation, and accounts for transmission and distributions losses. The carbon factor is taken from (EIA 2010) and is 0.594 kg CO 2 /kWh in 2015 decreasing to 0.574 kg CO 2 /kWh in 2030. Carbon factors for natural gas and fuel oil are assumed to remain constant at 0.202 and 0.264 kg/CO 2 , respectively. Emissions reductions from energy savings determined by multiplying energy savings by carbon factors are shown in Table  4 . Total mitigation in the Business Case is found to be 265 mt CO 2 in 2030 and 3021 mt CO 2 over the entire forecast. Figure 5 shows the contribution to cumulative CO 2 mitigation from all appliance groups. In addition, we also evaluate the amount of other pollutants avoided by energy savings, including SO 2 , NO and mercury (Hg). Avoided pollutants are estimated according to emissions factors available in (EIA 2010)
Table 4 -Energy Savings and Pollutant Mitigation by Appliance Group
Several conclusions can be drawn from Table 4 and Figure 5 . First, the largest accessible savings appears to be available in the residential sector. Notable among these are electric water heaters, for which heat pump technology was found to be cost-effective 25 . Incandescent lamps also show a large savings through a phase-out and replacement with CFLs 26 . The Energy Independence and Security Act passed by Congress in 2007 includes a phase out of incandescent lamps starting in 2012 which will capture this savings when implemented. Large potential savings is also forecast for televisions, for which a minimum efficiency standard has never been set, but is in process. Similar potential is available for refrigerators, which have been regulated 25 DOE has set a standard implying heat pump technology for only the largest capacity water heaters, citing market barriers for the bulk of the market. As this technology becomes more prevalent, wider penetration may become achievable. 26 Incandescent lamps show no savings in year 2030 itself, because they are forecast to be phased out by that year in the base case scenario.
In 2020
In 2030 with several updates, but for which high-technology options such as vacuum insulation panels are just now becoming cost-effective. Finally, standby power reduction shows high potential savings. It is the policy of DOE to address standby power as part of future standards for electronics and other products with standby modes.
Savings are relatively low for commercial buildings end uses, with the exception of lighting. While the dominant technology (fluorescent tube lamp ballasts) are already relatively efficient, much of the savings in this category comes from high intensity discharge lamps which, while constituting a much smaller fraction of the end use, permit large percentage savings, possibly as a result of not having been regulated in the past. Some of this is due to recent standards for HVAC equipment that restrict further cost-effective improvement given the available data 27 . Furthermore, an ever-growing fraction of commercial building energy is used in miscellaneous products for which efficiency improvement may be possible, but for which data are not yet available. Lastly, distribution transformers do show significant savings because of the scale of distribution losses at the national level, even though total efficiency improvement is small on a percentage basis, due in part to the recent standards rulemaking. 
Consumer Financial Impacts
By construction, the Business Case implements energy efficiency in a way that is cost-effective to consumers. Because this study insisted on quantifying investments needed to improve 27 It should be emphasized that efficiency technology costs are generally decreasing, especially after a standard creates a mass market for high-efficiency equipment. An update of the data may therefore reveal additional costeffective improvement. efficiency relative to the base case technology, the necessary information to evaluate these investments and financial benefits of energy savings, and therefore net financial impacts to consumers, is available for all appliance groups considered.
Recalling the definition of cost of conserved energy from Equation 1:
The denominator of this equation I × q is the annualized equipment investment necessary to yield an annual energy savings S. BUENAS calculates the total savings S T (y) in each year, given by:
In this equation, Stock'(y) is the affected stock, that is, the number of units operating in the stock that were installed after the policy implementation date, and are each providing a savings S relative to the Base Case. Likewise, the total annualized investment in each year I T (y) × q is given by:
Substituting Equation 1, and cancelling terms, yields:
In other words, total annualized investment can be calculated for each appliance group by multiplying its total energy savings by the cost of conserved energy shown in Table 5 .
Financial savings from energy savings is given simply by the utility price in each year multiplied by the total energy savings S T (y). Net financial impacts are then given by:
N(y)=S T (y) ×(Utility Price -CCE)
Costs, Savings and Net Impacts calculated in this way are shown in Table 5 . In evaluating the financial value of efficiency or other government programs, it is customary to take account of deferred benefits through a discount rate calculation. The resulting Net Present Value (NPV) of benefits is given by:
1
In this equation, DR is a "societal" discount rate that parameterizes the preference for immediate returns on public investments. We consider two scenarios in which the societal discount rate is taken to be 3% or 7%. Cumulative equipment costs, energy bill savings, net savings and NPV are shown in Table 5 . The table shows positive net savings for all appliance groups, which is not surprising, since the target efficiency levels were constructed to be cost-effective. The table shows that cost-effective efficiency improvements require an investment of 259 billion dollars over the next 20 years, but these investments will return over twice as much over the same period, for a net savings of 304 billion dollars, or of order of a thousand dollars per capita. The net present value is 214 billion dollars assuming a discount rate of 3%, and 140 billion with a 7% discount rate. Of the appliance groups studied, electric water heaters require the largest investment at $71.4 billion, but also have the highest payoff at $97.9 billion. Phasing out incandescent lamps has a similar payoff of $95.1 billion, but requires an investment of only $15.9 billion. This technology has the highest net benefit, of $79.2 billion, with commercial lighting providing the second highest, with $55.9 billion. Finally, financial impacts, emissions savings and their relationship can be shown using a "conservation supply curve". This unique way of expressing the cost and benefits of carbon mitigation measures has become very widespread in the literature because of the key information it conveys. A conservation supply curve for the Business Case is presented in Figure 6 . The xaxis shows cumulative carbon mitigation and expresses the relative importance of each appliance group. The total extent of the curve is 3021 mt CO 2 , as shown in Table 4 . The y-axis displays relative affordability according to cost of conserved energy. The blocks corresponding to each measure are ordered with increasing cost of conserved energy, from left to right. For comparability, cost of conserved energy for all end uses is expressed as dollars per kWh. The conversion factor for natural gas is 3412 Btu per kWh.
Figure 6 Cost of Conserved Energy for All End Uses 2010-2030
Finally, we note that there are other benefits to the energy savings achieved in the Business Case besides the direct energy and financial benefits. The effect of reduction of greenhouse gas emissions and resulting avoided costs are difficult to quantify, but could be very large. One metric to consider the order of magnitude of the value of these types of impacts is the assumption of a carbon price. The assumption of a price of 25 dollars per ton of carbon dioxide yields an additional $76 billion dollars of savings, while a 100 dollar per ton price yields $302 billion additional dollars, doubling the total.
The negative impacts of emissions of SO 2 and NO from power plants are well-known (see, for example, EPA 2011), including acid rain, acidification of watersheds and lakes, and respiratory illness from inhaling particulates. Likewise, the reduction of mercury emissions from coalburning power plants reduces fish contamination, which is now recognized as a major health risk. We do not try to quantify the health impacts of reduction of these emissions, only point out the obvious -that savings due to efficiency is equivalent to installation of clean electricity generation. In the Business Case, this reduction provides a large net financial benefit to consumers, which may not be true with alternatives.
Lastly, we consider the impacts of efficiency-related financial savings on the U.S. economy, and particularly in terms of job creation. In general, it is often stated that consumer spending generates growth and creates jobs at a higher rate than other types of expenditures. When efficiency improvements are implemented at the level of equipment purchased by residences and businesses, the result is a net savings distributed over a very large number of consumers. Presumably, much of this savings, which comes in the form of lowered utility bills, will be injected back into the economy in the form of purchased consumer goods. A recent study found that: Using this result as a guide, we deduce that energy savings can be translated into job creation at the rate of 5.6-13.6 jobs per million dollars. A net savings of 304 billion dollars over 20 years corresponds to 15.2 billion dollars per year which supports 85,000 to 207,000 jobs for the entire period.
Conclusions
The Business Case analysis found additional potential for cost-effective efficiency improvement in the United States for fourteen appliance groups in the residential and commercial building sectors. Efficiency improvement for these technologies could deliver twice as much financial benefit to U.S. households and business than the investment needed to implement them. In addition to direct financial benefits, impacts on greenhouse gas emissions and job creation are significant. Total net impacts from additional deployment of high efficiency technology include: The end uses studied in this report are concentrated in the buildings sector, and the bulk of the savings is to be found in electricity savings. The study finds that by 2030, cost-effective efficiency improvements could save 430 billion TWh, which represents about 12% of total buildings electricity consumption in that year, according to the International Energy Agency's World Energy Outlook 28 . This corresponds to 9.3% of electricity consumption in the U.S. or 3.7% of total energy consumption, in primary energy terms. In the same year, the Business Case saves 265 mt CO 2 in 2030. According to WEO, with current policies in place, emissions in the United States will total 5310 mt CO 2 or 712 mt more than the Annex I target of 4598 mt (5.2% below the 1990 level of 4850 mt. Implementation of the Business Case would close over a third of this gap. In addition to the 300 billion dollars net savings provided to consumers through 2030, annual savings of 430 billion kWh would avoid capital investments of 32 billion dollars 29 .
Since most of the equipment studied has been the subject of at least one efficiency standard, this finding supports the notion of efficiency improvement as an ongoing process. For example, although residential refrigerators have improved dramatically in efficiency over the last 30 years, there is room for improvement.
It should also be noted that many of the technologies included in the Business Case scenario were not available ten to twenty years ago, or at least weren't shown to be cost-effective. These technologies have become available and cost-effective through research, new materials and components, improvements in production processes, or changes in design of systems. We expect that a similar analysis performed 10 years from now will show improvements not accessible to the current study due either to lack of data or prohibitively high cost of "prototype" technologies.
Two main caveats must be made in the interpretation of these results. First, because the rigor of the methodology used to evaluate cost-effectiveness requires a significant amount of technical data, we only cover a subset of equipment types for which significant savings potential might be available. In particular, the appliance groups covered are limited to buildings applications. For this sector, however, we believe a large fraction of energy demand is accounted for. For this reason, while the overall savings potential is large, it cannot be interpreted as "comprehensive". Second, most of the data used are sourced from DOE rulemakings to set mandatory energy performance standards. As a consequence, only those product types already subject to standards are covered, introducing a bias towards equipment with a relatively high efficiency baseline. Furthermore, much of the data are for products with a recent standard, or one that is expected in the near future, limiting the amount of savings that can be considered additional. In some cases, the cost-effective efficiency level may exceed the standards set by DOE. We emphasize that this is not to be taken as a claim that DOE standards are less stringent than what is economically justified, rather that the simplified analysis performed in the current study is representative of the potential additional savings, but cannot be precisely compared. In some cases, technologies found by DOE to be attractive for standards on a purely cost-benefit basis were not adopted as standards due to other barriers, such as the absence of wide-scale production capability by manufacturers. The current analysis does not investigate these, but implicitly assumes that many of these barriers are removed by 2015.
Finally, we believe this study to be among the few to attempt to evaluate the "economic" potential of efficiency improvement on a national scale and in a transparent way. In addition to demonstrating significant savings potential, we hope that it demonstrates a clear and consistent 
